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New Physics Applications

Higgs-jet
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TeV-scale resonance: X = W/ Z ]/ Higgs / top
(“primed” gauge bosons, capital H, KK graviton, excited quark)

BR(W-jets) = 67%, BR(Z—jets) = 70%, BR(h—jets) = 80%, BR(t—jets) = 67%
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New Physics Applications

top-jet
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0 top-jet
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TeV-scale pair-produced
(stop, gluino, vector-like top/bottom)

BR(W-jets) = 67%, BR(Z—jets) = 70%, BR(h—jets) = 80%, BR(t—jets) = 67%



New Physics Applications

Higgs-jet
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SM + dark matter
(contact operators + EW brem)

BR(W-jets) = 67%, BR(Z—jets) = 70%, BR(h—jets) = 80%, BR(t—jets) = 67%



New Physics Applications

stop-jet

stop-jet

Pair-produced X — quarks/gluons at high-pr
(RPV SUSY)

BR(X—jets) = 100% ??



Substructure Tactics

Declustering

N . Secondary Decomposition
Primary Decomposition: R " ¢ clust
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* Many available as internal/external classes and contribs for FastJet




Substructure via Declustering

JET “hard” split

4J e “soft’ split

cell cell

SUBJET #1

SUBJET #2

Seymour (1994)
Butterworth, Cox, Forshaw (2002)
Butterworth, Davison, Rubin, Salam (2008)



HEPTopTagger

HEP Top Tagger Ste p 4 :

Ste p 1 . Mass drop decomposition
Filtering: keep only
Mass drop custer the 5 leading
subjets

decomposition
Isinput ') yes |Save output
mass < 307, subjet

no

Does input
have 2 no__ | Save output
clusters?

subjet 2
no Repeat reclustering and filtering procedure for all combinations of 3
mass drop subjets

Split )
Subjet 1/input into\ SUIEt 2 108 Minput ?
Loop over all 2 parent (s ou ?)
combinations of clusters
es
3 mass drop mi>mz v
subjets

Pick the combination

Recluster with with filtered mass
Rfit=min(0.3,ARmin/2) closest to the top mass.
4 Recluster to force 3
subjets
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Figure by CMS, based on Plehn, Spannowsky, Takeuchi, Zerwas (2010)




N-Subjettiness
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Thaler & Van Tilburg (2010)



Krohn, Thaler, Wang (2009)
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Trimming Example

>
(o))
1
Q
[
()
Q
0
1S
()
>
0
c
©
P
=7

s
NS
e e e
SERE

+ pileup

(4=20, charged included)
Krohn, Thaler, Wang (2009)



Trimming Example
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Trimming Example
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Trimming Top-Jets

No jet grooming, no jet pileup correction
(s = 14 TeV, 25 ns bunch spacing

500 < <750 GeV

Pythia8 Z’' — tt (m_=2 TeV)

ATLAS Simulation Preliminary
.2ranti-k, LCW jets with R=1.0, 0.0< Iyl < 1.2

—o— <u>=0, Gs:::(u:SO)
pileup,
ngl)ise (M_40)
—B— <u>=80, G:I;L'p(pt:BO)

Ise

- _ pileup,
B - <u>=140, O, ise (u=140)

--o- <u>=40, o

_ pileup, ]
—4— <u>=200, S (w=200)

.2tanti-k, LCW jets with R=1.0, 0.0< Iyl < 1.2

ATLAS Simulation Preliminary

—o— <u>=0, c:il)ie:ep(px:SO)
pileup,
n?ise (M_4O)
—5— <u>=80, oz';::(u=80)

—-m- <u>=140, o:i';“ep(uﬂ 40)

_ pileup,
—— <u>=200, S (uw=200)

Trimmed, jet 4-vector pileup correction
{s = 14 TeV, 25 ns bunch spacing o <w>=40, o

500 <p’' <750 GeV
Pythia8 Z’ — tt (m,=2 TeV)

7'(2 TeV)>t

Jet trimming
+subtraction

400 500
m* [GeV]

300 400 500
m* [GeV]

here combined with jet area-based 4-vector subtraction

* With trimming alone, the peak shifts by ~10 GeV, but there are now many other methods that
should play well with substructure: Jet Cleansing, Constituent Subtractor, SoftKiller, PUPPI, ....




declustering

shape

grooming

Tools < Searches < Models

CMS semilep boosted W/Z’s\§

Jet mass only

/

CMS hadronic boosted W/Z'’s Z W A

Y Splitter

“BDRS” mass drop /t; ATLAS semilep boosted tops ; Heavy Higgs

CMS/JHU top-tagger / CMS semilep boosted tops 1 Warped KK graviton %

L HEPTopTagger 0};/,7 2 ATLAS hadronic boosted topsj Warped KK gluon ~ J i

(Template top-tagger %Q CMS hadronic boosted tops j Vector-like top/bottom) i

9 N-subjettiness // | \ ATLAS heavy top Dark matter ) i

4 Pruning A\’A‘ CMS Q=5/3 top-partner RPV SUSY )%’

S Trimming CMS t — th d
CMS b’ — bh

CMS t' — tZ/th/bW
(_ ATLAS boosted W/Z+MET
ATLAS boosted 39 resonance

And quickly growing...



CMS "Triple-Tagged” Event

Jet 3 :
pt 47.8 GeV/c,
b-tag discriminant 4.2

b-jet

W-jet

Jet 2: Jet Pruning

pt 484.3 GeVic,

mass = 68.8 GeV/c2 |
Jet 2 + 3 : Mass = 167

Jet 1 : Top Tagging

pt 589.1 GeVi/c,

3 subjets,

|mass = 186.7 GeV/c2,
minMass = 87 2 GeV/c2

KK gluon Limit: M > 1.8 TeV standalone (2.5 TeV combined w/ I+jets) 1309.2030



Heavy Q=+5/3 Top Partner

H, = 1274 GeV

CA Top Jet
pr =633 GeV
n=0.3

Electron

AKS Jet pr =69 GeV
p; = 66 GeV n=0.1
n=-1.0

AK5 Jet

pr=352GeV | | Muon

n=0.2 \ pr=154 GeV
CMS Experiment at LHC, CERN Voo 0.3
Data recorded: Sat Dec 105:51:47 2012 CDT n=-v.
Run/Event: 208357 / 25787738
Lumi section: 26
Orbit/Crossing: 6689606 / 1102

SSDL + top/W-jets Limit: M > 770 GeV

1312.2391



T Resonance Comparison

CMS Preliminary, {'s = 8 TeV, 19.6 fb’

RS Gluon
Expected Limit
= QObserved Limit
£ <10
[ J=:20
= === RS Gluonx1.3
(Agashe, et. al.)
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CMS PAS B2G-12-005



T Resonance Comparison

CMS Preliminary, {'s = 8 TeV, 19.6 fb’

RS Gluon

Evnantad | imit
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served Ifrxpected + 1 s.d.
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Expected + 2 s.d.

-2
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+ CMS I+jets

CMS PAS B2G-12-006



T Resonance Comparison

CMS Preliminary, {'s = 8 TeV, 19.6 fb’

AlLAV T 1CIHTHIEALY

-Z I
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
RS Gluon Mass (GeV/c?)

10

+ ATLAS I+jets

ATLAS-CONF-2013-052



WW Resonance Comparison

CMS,L=19.7fb", /s =8 TeV

—— Observed

Expected (68%)
Expected (95%)

— Gy~ WW (k/M_ = 0.5)
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1405.1994, 1405.3477



ATLAS W-Tagger Studies

better
performance

QCD Jets

Tagging

Performance
;—C/AR=1.2 + BDRS-A

\“y12
C/A R=1.2 + BDRS
- My
anti-k; R=1.0 Trimmed
Q-Jets

PC/A R=0.8 + C/A pruned

—anti-k; R=1.0 Trimmed
12
C/A R=1.2 + BDRS
21

1-¢ 39

C/A R=0.8 + C/A pruned
W p

ATLAS Simulation Preliminary m
(s=8 TeV 500 <p.""" < 1000 GeV

MECC Window

0 0.10.20.304050.60.70.809 1

Tag
< W Jets

TRUTH| _ 1 2

starting with groomed mass window

£(W) = 68%, £(QCD) ~ 0.1 ATL-PHYS-PUB-2014-004

* See also CMS PAS JME-13-006



CMS Top-Tagger Studies

CMS

Simulation Preliminary HEP Top Tagger
HEP + 1,/1,

Mistag Rate

HEP + 1,/7, + sub. b-tag
MultiR HEP Top Tagger

CMS Top Tagger C/AS

better CMS Top Tagger + 1,/1,

performance CMS Top Tagger + 1,/1, + subjet b-tag

Matched par’[on Shower Deconstruction CA8
p > 800 GeV/C Shower Deconstruction CA8 + subjet b-tag
T

0.4 0.6
Top Tag Efficiency

CMS PAS JME-13-007
* See also ATLAS-CONF-2013-084, 2014-003



CMS Top-Tagger Studies

CMS

Simulation Preliminary HEP Top Tagger
HEP + 1,/1,

Mistag Rate

HEP + 1,/7, + sub. b-tag
MultiR HEP Top Tagger

CMS Top Tagger C/AS

better CMS Top Tagger + 1,/1,

performance CMS Top Tagger + 1,/1, + subjet b-tag

Matched par’[on Shower Deconstruction CA8
p > 800 GeV/C Shower Deconstruction CA8 + subjet b-tag
T

0.4 0.6
Top Tag Efficiency

CMS PAS JME-13-007
* See also ATLAS-CONF-2013-084, 2014-003



Higgs-Jets for NP Searches

bb (60%) t+t- (6%) Hadronic VV* (11%) Semi-lep WW* (7%)

ava

+ diphoton-jet, lepton-jets

bb-jets now in use by CMS for t’ — th and b’ — bh searches
(limits ~800 GeV for 100% BR)



h—bb)-Jet Tagging

CMS Simulation Preliminary, /s = 8 TeV CMS Simulation Preliminary, /s = 8 TeV
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double-b-tag rate for

jets in mass window total Higgs-tag rate

CMS PAS BTV-13-001



Novelties at pr > TeV

Many algorithms become independent of momentum/
angle scales anyway (or easily adapted)

However, tops radiate at AR >> m¢/pt before they decay,
whereas weak bosons radiate very little at AR >> mw/pT
— active tagging cone should shrink for tops (R ~ 4mi/pr)
— W/Z/h should incorporate analog of tau “isolation annulus”,
becomes progressively more powerful at higher pr
Background-jets can contain weak radiation

— naive double-log scaling reduces to single-log with shrinking jet
cone, but still potentially ~1% nuisance for hadronic top-jets

— main background for semilep top-jets
And then there are the detectors...



Jets at the Energy Frontier

Multi-TeV QCD-jet Multi-TeV top-jet Multi-TeV W/Z/h-jet
decay cone decay cone
1 14 D
? I I
radiated W
pre-decay ~ nothing
FSR out here!

* also g—tt splittings



Detector Questions

When does the intrinsic size of detector elements
become a major problem?

— LHC: HCAL cells (~0.1) = ECAL cells (~0.02) = tracks (~10-3)

— will/should future detector angular resolution scale with 1/E?
— is high-pT substructure a hardware or software problem?

When does b-tagging break?

— minimal boost-invariant b/c tag: muon-in-jet
(~20% b-tag, ~3% light-jet mistag from HF splittings)

— improvements in tracking crucial to beat this

How reliable is lepton ID inside of semileptonic top- and
Higgs-jets?

— muons should be doable with mini-isolation, etc

— are electrons lost?



Software Improvements

b-tagging tracking

CMS Simulation

ATLAS Simulation Preliminary
Anti-k, R=0.4 Jets -0— MV1
s= 8 TeV

-%= MVb
MVbCharm
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Standard Tracking
Jet core tracking with MC truth splitting

Jet core tracking and splitting
500 1000 1500 2000 2500 3000 e
Jet P, [GeV] 1

A R(jet,track)
Andreas Hinzmann talk @ BOOST 2014

Dominik Duda talk @ BOOST 2014

+ Improvements using small-R jets,
track-jets, b-subjets



Software Improvements

Particle flow fully exploiting ECAL spatial resolution

AK R=0.8 CMS

l<2.4 Simulation Preliminary

CMS
Simulation Preliminary

merged PF neutrals

: (W) <2.4TeV
nl<2.4
split PF photons

@ - split PF photons+neutrals
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g/g-jet Inl<2.4

pruned jet mass resolution (GeV)

50 100 %0
pruned jet mass (GeV)

Andreas Hinzmann talk @ BOOST 2014
CMS PAS JME-14-002 (to appear)



A Toy Calorimeter Model
for High-pt Substructure

1.5 TeV Z-jet + parametrized

. + -
0.1x0.1 “theorist” grid material showers ECAL Energy-flow

Z-jet, detector smearing ON + ECAL recaling

1.5 TeV Z-jets
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1.5 TeV quark-jets
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Simple ECAL E-flow

Minijet ECAL E-flow
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% 20 40 60 80 100 120 140 160 180 200
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el i il
20 40 60 80 100 120 140 160 180 200
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Son, Spethmann, Tweedie (2012)



9.4 TeV Top-Jet
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Using “fat” jet radius < 0.1
CMS-like detector
(FCC detector may be 2x better)

* Work in progress with Zhenyu Han & Minho Son



Exploiting Tracks at pt > TeV
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HPTTopTagger

® HPT tt
= HPT QCD

O HEP tt
OHEP QCD

1500 2000 2500 3000
fat jet P, (GeV)

Schiitzel & Spannowsky (2013)

Track-jet observables

PFJets (FCC)

V5= 100 TaV
L ]
anti-k, jots, R=4m /]

100 Tel < < 15.0 TeV

pr~10 TeV

0.02

0
0 010203040506070809 1

T:j ! T,

Larkoski, Maltoni, Selvaggi (work in progress)



Summary

8 TeV LHC has been a proving ground for substructure-
based NP searches

— largest efforts so far on resonances (VV, tt), with t'/b’ searches
coming up fast, and many others on their way

— many substructure approaches, can be powerful in combination
— already probing multi-TeV territory!

13 TeV LHC substructure looks healthy

— lots of good ideas for pileup subtraction
— detector+algorithms can potentially handle pt > 3 TeV

Requirements / capabilities of future detectors under
active investigation

— what do we need to see pr ~ 10 TeV boosted objects?

— learning valuable lessons from pushing LHC to its limits

Applications are already exploding, lots more to do at
the Energy Frontier!



More...



CMS W-Taggers

CMS Preliminary Simulation, s = 8 TeV, W+jets
e

~

better
performance

CA R=0.8
400 < p, < 600 GeV
nl<2.4

60 <m, <100 GeV (pruned)
— mass drop, W
/T, WL
T I‘Qiet’
— mass drop, WT
T,/ Ty WT

rOiet’ WT

0.2 0.4 0.6

CMS PAS JME-13-006



CMS Multivariate W-Tagging

19.7 fb' (8 TeV

Variable Appended to MVA

“Tag & Probe” study, pr > 250

Tobias Lapsien talk @ BOOST 2014



ATLAS Top-Taggers

e . _ V¥ HTT (tight)
hTLAS Preliminary Simulation ® HTT (default)
s=8TeV

A HTT (loose)

better

perf rmance O \@&N—subjettiness tagger VI

vV m* &\d,, &\d,, tight tagger V
* m*™ &\d,, &\|d,, tagger IV
& om* e \dTZ tagger Il
¢ m® tagger Il
A \@ tagger |
—— tagger VI: 1,, scan

tagging rejection

= 1 n1 tagger Vvdﬁ23 scan
Illlva;

----V?%scan

scan

trimmed mass scan
f-. .. Ty SCAN

0.4 0.6 0.8 1
tagging efficiency

1.75 TeV Z’ decays

ATLAS-CONF-2013-084
ATLAS-CONF-2014-003



